The amount and state of binding of three lysosomal acid hydrolases, acid phosphatase, cathepsin, and /3-glucuronidase, were studied in canine cardiac muscle following severe asphyxia and deep hypothermia. The studies were done on adult mongrel dogs anesthetized with sodium pentobarbital. Asphyxia was produced by tracheal occlusion, and was maintained until the onset of cardiac arrest (6 to 10 min). Hypothermic conditions were achieved by placing the heart on partial bypass through a heat exchanger. The heart was cooled to 6 to 10°C and held at this temperature for 30 min while circulation and respiration were maintained by artificial means. Control dogs were subjected to similar surgical procedures. Immediately following the experiments, the whole hearts were removed, cooled to 0 to 4°C, homogenized, and fractionated into supernatant and lysosomal fractions. The levels of bound and free acid hydrolases were estimated in the whole homogenates and fractions. Asphyxia produced a large shift of acid hydrolase activity from a bound form to a free form, as evidenced by elevated ratios of free to bound activity in the whole homogenates and elevated ratios of supernatant to lysosomal activity with respect to the fractions. Hypothermia did not alter the binding status of the lysosomal enzymes. These findings suggest that lysosomal enzymes play a major role in asphyxic damage to the heart. ADDITIONAL KEY WORDS anoxia hypoxia cathepsin jS-glucuronidase acid phosphatase
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• The functional manifestations of injury to the myocardium following a short period of severe hypoxia or deep hypothermia are well known. Little is known, however, of the biochemical events which are the basis for this injury.
The normal canine heart deprived of oxygen continues to function for only about 5 min (1) . If this state persists for more than a few min-utes, it is difficult to restore heart function, and when efforts to reactivate the heart are successful, there is evidence of long-term impaired function indicative of extensive damage (1) (2) (3) .
The response of the heart to deep hypothermia resembles its response to extreme hypoxia in that arrest soon sets in and resuscitation may be difficult to achieve (4) . It differs, however, in that the reactivated post-hypothermic heart exhibits little of the long-term impaired function and altered metabolism commonly observed in the post-hypoxic heart (5, 6) . Despite the relatively rapid return of the reactivated post-hypothermic heart to normal function, it has been reported (7) that 60 LEIGHTY, STONER, RESSALLAT, PASSANANTI, SIRAK certain subtle, but possibly serious, degenerative changes take place in the fatty tissues of the myocardium over a period of several days following hypothermic treatment.
What are the biochemical events responsible for injury as a result of hypoxia and hypothermia? To answer this question we undertook a study of the lysosomes. Lysosomes are known to contain many hydrolytic enzymes which, when freed by rupture of the lysosomal membrane, have great potential to damage the biochemical constituents of the living cell (8) . Perhaps the metabolic imbalances resulting from hypoxia or hypothermia are such that rupture of the lysosomal membrane occurs with consequent release of the destructive enzymes. We have investigated this possibility.
Methods
Eighteen adult mongrel dogs, weighing from 15 to 20 kg, were used in these studies. The dogs were subjected to acute asphyxia, deep hypothermia, and control experimental procedures. Six dogs were used in each procedure; they were anesthetized with sodium pentobarbital iv (26 mg/kg). The heart was approached through a left thoracotomy. A cuffed endotracheal tube (Foregger) was inserted and attached to a Jefferson respirator which produced alternately positive and negative pressures (+20 to -5 mm Hg) of oxygen.
In the asphyxia experiments, the artificial respirator was stopped and the endotracheal catheter was occluded. Immediately after the onset of cardiac arrest (6 to 10 min) the heart was removed.
In the hypothermia studies, partial bypass of the left side of the heart was achieved by withdrawing blood through a cannula in the left atrium and reintroducing it retrograde into the left brachiocephalic artery. The blood was cooled in a heat exchanger. The descending aorta and right brachiocephalic arteries were clamped to expedite cooling of the heart. The heart muscle, monitored by a thermister probe, was maintained at 6 to 10°C for 30 min prior to removal.
In the control experiments, the procedure used was the same as for the asphyxia experiments, except that artificial respiration with oxygen was maintained for 10 min before the heart was removed.
HOMOGENIZATION AND FRACTIONATION PROCEDURES
The entire heart was removed immediately following treatment and was placed in ice-cold 0.25M sucrose. All subsequent work, except for the assays of enzymic activity, was carried out at 0 to 4°C in the cold room.
A modified Bjorkerud procedure (9) was used for tissue homogenization and preparation of the lysosomal fraction. The heart muscle was freed of adipose and connective tissue and passed through a meat grinder. Eighty grams of the mince were suspended in 320 ml of 0.25M sucrose and homogenized in a TenBroeck-type homogenizer rotating at approximately 800 rpm with a clearance of 0.3 mm. Each batch of suspended mince was treated for 1 min with 2 to 3 strokes. The homogenate was filtered through double gauze. The residue on the filter was treated again as already described and the filtrates were pooled.
An aliquot of the whole homogenate was removed for assay and the remainder was centrifuged at 22,000 X g for 30 min in the SS-34 rotor of a Sorvall centrifuge. The supernatant was saved, and the sediment was resuspended in 30 ml of 1M sucrose with a glass-Teflon homogenizer. This suspension was again centrifuged at 22,000 X g for 30 min. The supernatant was saved, and the sediment was resuspended and centrifuged twice more by the same procedure. The crude sediment, containing the bulk of the fiber proteins, nuclei, and mitochondria, was discarded since it was found to contain negligible activity with respect to the three lysosomal enzymes assayed. The combined supernatants derived from the washing procedure were diluted with water to a final sucrose concentration of 0.25M and combined with the supernatant obtained in the initial centrifugation. The lysosomal fraction was sedimented from this suspension by centrifugation at 25,000 X g for 30 min. The dense pellet obtained, representing the lysosomes, was suspended in 20 ml of 0.7M sucrose with a glass-Teflon homogenizer; and suitable aliquots were taken from this suspension and the final supernatant for enzymic assay.
Electron micrographs of a lysosomal fraction, prepared as described, showed a heterogeneous population of particles consisting' of lysosomes, fragments of the sarcoplasmic reticulum and plasmalemma, and a few small mitochondria.
ENZYME ASSAYS
Acid phosphatase activity was measured with )3-glycerophosphate as substrate, according to the procedure described by Berthet and deDuve (10) . /3-Glucuronidase activity was estimated by the method of Gianetto and deDuve (11), using phenolphthalein glucuronide as substrate. The method of Anson (12) , as modified by Gianetto and deDuve (11), was followed in the assay of cathepsin. In this procedure tyrosine is used as the standard for estimation of aromatic degradation products released from substrate hemoglobin. The substrates used in these assays were supplied by Sigma Chemical Company, and were used without modification or further purification.
Estimates of total, free, and bound activity were performed on all samples with respect to each of the three acid hydrolases assayed. Total activity was measured in the presence of 1% Triton X-100 (Rohm & Haas Company), a detergent commonly used in this type of study to destroy lysosomal membranes, thereby freeing the bound acid hydrolases (13) . Estimates of free activity were made with parallel samples in the absence of detergent, and the value obtained was subtracted from the total activity to yield a value representing the level of bound activity. 78 ±10 65 ± 9 13 ± 2 44 ± 9 11 ± 3 33 ± 9
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FRACTIONATION
•Activities are expressed as the amount of product formed per 10 min per g of original tissue. Values are means from 6 dogs ± SD.
tSignificantly different from the control (P<0.05), according to Student's f-test, performed only on the estimates of total activity in the whole homogenates.
enzymes indicate that fractionation of the whole homogenates into lysosomal and supernatant fractions was reasonably successful. Thus, the supernatant fractions contained a high proportion of free activity, and the lysosomal fractions contained a high proportion of bound activity. The distribution of activity between the free and bound states, and between superatant and lysosomal fractions followed a similar pattern with respect to each of the three acid hydrolases studied. This result is consistent with the concept that these enzymes have a common origin in the lysosomes.
The fractionation procedure resulted in a considerable loss of total activity. Since only a fraction containing inactive crude sediment was discarded, most of this loss must be attributed to in activation of the enzymes during handling. Although the fractionation loss was high, it differed very little with respect to the experimental procedure. Thus, the percent loss of total activity ranged from 39 to 43 for acid phosphatase, 43 to 45 for yS-glucuronidase, and 53 to 56 for cathepsin.
EFFECT OF HYPOTHERMIA
The data presented in Tables 1 and 2 indicate that there were no significant differences in the status of the lysosomal enzymes between hearts from the control dogs and those from dogs which had been subjected to the hypothermia procedure.
EFFECT OF ASPHYXIA
In distinct contrast to the results of the hypothermia study, Tables 1 and 2 show that acute asphyxia gave rise to a fairly large transformation of acid hydrolase activity from the bound form to the free form in the whole homogenates. It also altered the distribution of activity between the fractions causing a marked increase in the supernatant activity and a decrease in the lysosomal fraction. Since the levels of total activity in the whole homogenates were higher in the asphyxia group than in the control group (Table 1) , the data concerning the binding status of the acid hydrolases are best compared when presented on a percentage basis, as in Table 2 .
Here the percentage of free activity in the whole homogenates is compared with the percentage of the total fractionated activity that appeared in the supernatant fraction. Since the fractionation procedure was designed to separate the free and bound activity of the whole homogenate into supernatant and lysosomal fractions respectively, the percentage of the total recovered activity that appeared in the supernatant fraction should be similar to the percentage of free activity that existed in the whole homogenate. It can be seen in Table 2 that the two sets of values are in reasonably good agreement-at least with regard to the differential effects of the experimental procedures. Thus, the proportion of free acid hydrolase activity in the whole homogenates averaged 19.7, 19.9, and 44.1% for the control, hypothermic, and asphyxic treatments, respectively; and the corresponding values representing the amount of supernatant activity relative to the total recovered activity were 27.2, 29.4, and 69.6%. Application of Student's f-test to the data summarized in Table 2 showed that the differences between the results from the control and asphyxia groups were in every case highly significant (P< 0.0001).
Comparison of Free Activity in Whole Homogenates with Supernatant Activity of Fractions
Statistical analysis of the estimates of total acid hydrolase activity in the whole homogenates showed that the elevated levels of acid phosphatase in the hearts of asphyxiated animals (Table 1) were highly significant (P = 0.004). This result is difficult to understand unless it is assumed that these hearts had been invaded by phagocytic cells from the blood which contained a higher proportion of acid phosphatase relative to cathepsin and /3-glucuronidase than did the heart lysosomes. Tappel et al. (14) have recently suggested this type of mechanism as a possible explanation for the rapid elevation in the levels of hydrolytic enzymes that occurs in some tissues in response to injury.
Discussion
The reported results indicate that a 30-min period of deep hypothermia does not alter the status of the lysosomes in the canine heart. It is important to note that the conditions under which this treatment was administered were chosen to prevent the myocardium from becoming hypoxic; this was achieved by perfusing the heart with oxygenated blood throughout the experimental procedure.
The importance of preventing hypoxia-even a few minutes duration-is emphasized by our finding that the heart subjected to severe asphyxia, to the point of arrest, appears to suffer a change in the lysosomal membranes and possible release of destructive acid hydrolases inside the intact cell. oxygen consumption by the myocardium is reduced to less than 10% of its normal value under conditions of hypothermia similar to those employed in this study, 30 min in the hypothermic state would likely have been enough time for the heart muscle to achieve a severely hypoxic condition, if oxygen had not been supplied.
The acid hydrolases in the intact normal heart are assumed to be tightly bound within the lysosomes. In our experiments approximately 20% of the activity was found to be free in the control homogenates. This is believed to be due to lysosome rupture during the necessarily harsh homogenization procedure. This amount of release during homogenization is in good agreement with results obtained by other investigators (15) .
With regard to the condition of the lysosomes in the intact myocardium, the elevated levels of free acid hydrolase activity found in the whole homogenates of the asphyxic hearts is perhaps a better indication of lysosome fragility than it is of lysosome rupture. The elevated free activity levels could thus be the result of a greater degree of breakage of more fragile lysosomes during homogenization. This interpretation is supported by some preliminary results obtained by electron microscopy, which showed the lysosomes in the hypoxic heart to be markedly swollen, but apparently intact with regard to membrane continuity.
Little is known about the mechanism of change in the lysosomal membrane that may permit release of the potentially destructive acid hydrolases inside the intact cell. DeDuve and Beaufay (15) have shown that anoxia alone is inadequate to modify the membranes of isolated liver lysosomes. They demonstrated, however, that anoxic intact liver and liver slices undergo changes suggestive of lysosome rupture.
Our results indicate that a decline in the stability of the lysosomes is an early event in the severely hypoxic heart. Although we did not study the mechanism for this change, the speed with which it occurs suggests its dependence on some change in the metabolic status of the cell-possibly the same change responsible for cardiac arrest. It is conceivable that a lowering of the intracellular pH under asphyxic conditions could account for the observed decreased stability of the lysosomes. Lysosomes are known to be labile under acid conditions, which is possibly a result of cathepsin acting on the membrane from the inside. As was pointed out by deDuve and Beaufay (15, 16) , the properties of this enzyme are compatible with such a role, since it is known to be practically inactive above pH 6.0 and to increase rapidly in activity as the pH falls below this limit.
